Due to the recent needs for weight reduction in automotive industry, the hot stamping became a promising process to replace the classical press forming technology to form complex, high strength components. In the hot stamping process, the mechanical properties and accuracy of the final products are strongly dependent on temperature, cooling rate, time and so on. In this paper, the cooling time was selected as a key process parameter for the stamping of Coupled Torsion Beam Axle (CTBA) part and it was optimized using the finite element analysis which takes the deformation and strengthening induced by the cooling and phase transformation into account. Finally, the developed FE procedure was applied to the optimization of new cooling channel design of CTBA with different gage thickness, but maintaining cooling capacity with already manufactured CTBA as a reference.
Introduction
Ultra high strength steels (UHSS) have been increasingly used in automotive industry due to their improved safety and lightweight. 14) But, the formability of UHSS is generally inferior to that of mild steels and springback is more pronounced. As an alternative to the press forming, the hot stamping was developed to achieve both high formability by forming at elevated temperature and increased strength by the martensitic phase transformation under rapid cooling. 57) In the hot stamping, the base material with strength around 500 600 MPa is heated up to around 900°C, stamped at around 800°C and cooled down rapidly to obtain high strength over 1400 MPa through the martensitic phase transformation. 3) Merklein et al. 8) verified experimentally the effect of temperature, strain rate, and cooling rate on the mechanical properties of austenite at elevated temperature. Turetta et al. 9) proposed the condition of hot stamping by examining the mechanical properties and phase transformation behavior during the stamping at high temperature and during cooling as well. However, most of the previous researches have been performed on sheet metal and recently the concept is expanding to tubular shaped automotive parts.
In this paper, the hot stamping was applied to the Coupled Torsion Beam Axle (CTBA) which is a component of the wheel suspension systems and is formed from a tubular beam. The material of the initial tubular beam is boron added steel. The FE analysis which takes phase transformations, volumetric strain and the strain by the phase transformation into consideration was performed to optimize the cooling time as a main process factor. Detailed investigation on the deformation of tubular material during the hot press forming will be made for 2.8 mm gage CTBA, which has been successfully implemented. Based on developed FE procedure, optimization of the cooling channel design by the orthogonal array for thicker tube thickness of 3.2 mm will be performed to get equivalent cooling capacity but maintaining the same cooling time with that for thinner case as a reference.
Experiments
The hot stamping procedure employed in this paper consists of the following steps; first, a tubular specimen is heated up to 930°C for 360 s for austenization and then the heated specimen is transferred to the tools in 7 s. Finally, the specimen is formed by the movement of the upper die and cooled down simultaneously by the cooling unit. The forming process is schematically illustrated in Fig. 1 . During the cooling the austenitic phase at high temperature transforms into various phases depending on the cooling rate. Since the main purpose of the hot stamping is to increase the strength (or hardness) of final product, cooling rate and time can be thought as main process parameters determining the transformed martensitic volume fraction. For instance, if the cooling time is too short, the part is removed from the tools before finishing the transformation, which increases the deformation and the elastic distortion by incomplete phase transformation. However, if the cooling time is too long to eliminate these problems, the productivity decreases.
To investigate the effect of the cooling time, five different cooling times are selected from 10 to 30 s with interval of 5 s. The evaluation of the mechanical properties of the final product was performed by the tensile test of specimens taken from the center of the tube where insufficient cooling is most expected. The tensile specimen follows KS B0801 13B standard method and the detailed geometry and dimension are shown in Fig. 2 . For the regions where the tensile specimen is hard to be sampled, hardness was measured alternatively.
Finite Element Analysis

Model material
The base material of the tubular specimen is 22MnB5 boron steel with 0.188%C, 0.37%Si, 1.11%Mn, 21 ppmB, which is commercially available steel with good hardenability. Since the mechanical and thermal properties of the various phases evolved from austenite during the hot stamping are difficult to be measured, the JMatPro μ software was utilized to calculate all those properties. The mechanical properties include (plastic) flow stress and (elastic) Young's modulus, while thermal properties include thermal expansion coefficients, heat transfer properties with temperature for different phases. Among these properties the stressstrain curves of austenitic phase which is the only phase during stamping step are the most important. Thus, the stressstrain curves of the austenite were directly measured and fitted to the Swift equation
where the parameters of the above equation are listed in Table 1 . The stressstrain behavior of austenite at elevated temperatures corresponding to the heat treatment used in hot stamping was measured using a Gleeble 3500 thermomechanical simulator. The specimens were austenized at 930°C followed by rapid cooling to the testing temperature with a cooling rate of over 160°C to suppress phase transformation during the tension tests. Young's modulus changes for each phase as a function of temperature are shown in Fig. 3 . The Poisson ratio is assumed to be constant with 0.3. The calculated CCT curve tells that the austenized boron steel can be transformed to the martensite with the cooling rate of 27°C/s or faster. Therefore, the tool design should be made to obtain this cooling rate in order to obtain full martensite during the hot stamping. Table 2 summarizes important thermal properties used for the simulation of the hot stamping process, which were calculated by the JMatPro μ software. 
Finite element simulations
Finite element analysis was carried out to simulate the effect of process conditions, especially the cooling time during the quenching process on the deformation behavior. The FE software Deform3D-HT μ was used. The thermomechanical simulations could consider the heat transfer between tools and tubular specimens, the heat convection between tool and air, or specimen and air. In addition, the volumetric strain and phase transformation induced plastic strain as results of the phase transformation during cooling could be simulated. 6,400 continuum elements were used and only a quarter of the specimen was modeled to consider the symmetry of the problem. The FE simulation considers real hot stamping procedure which consists of heating, transfer, high temperature forming, quenching and unloading. Figure 4 illustrates the schematics of the tooling system used for the hot stamping simulations.
The kinetics to obtain the transformed phases from austenite is separately used for diffusion controlled model using the TTT data calculated by the internal subroutine in Deform3D-HT,
where t is time with unit of second, B and n are material constants defining transformation. The subscripts b and p denote bainite and pearlite, respectively. Note that the unit of B in this particular case is chosen to result in non-dimensional quantities for volume fraction X p,b and exponent n. The TTT diagram of the present boron steel is shown in Fig. 5 and the two parameters for the bainite and pearlite as a function of temperature are listed in Table 3 . For simplification, the parameters are fitted to the second order polynomial function. The form of transformed volume fraction of the martensite has been proposed by many researchers. But, among them, the empirical equation proposed by KoistinenMarburger has been frequently used for the hot press forming. Then, the martensitic volume fraction X m is expressed as
where T is current temperature, X a is retained austenite volume fraction, M s is martensite start temperature, and * 1 is material constant. In this study, M s and * 1 are 325°C and 0.011/°C, respectively. The incremental strain is decomposed into several components in the hot stamping simulation.
The superscripts e, p, th, tr, tp represent the entities for elastic, plastic, thermal, phase transformation, and transformation plasticity. The elastic, plastic and thermal strain components are treated as classical way. But, phase transformation and transformation plasticity components are defined as following.
where ¢ IJ is transformation expansion coefficient and assumes that the phase I transforms to phase J, instantaneously. _ X IJ is time differentiation of the transformation volume fraction from phase I to J. The parameter ¢ IJ can be calculated from the difference in density between phase I and phase J. In this particular problem, I is always austenitic phase, while J can be other phases transformed from the austenite. However, only the crystal structure of austenite is face centered cubic (fcc) but other phases can be approximated as a body centered cubic (bcc) structure. Therefore, for simplicity, constant value of ¢ IJ is assumed in this study. Also, it is assumed that the density of austenite is approximately 2% larger than that of other phases. Then, for Bainite, and M for Martensite. The subscripts s and f denote "start" and "finish", respectively. Table 3 Kinetics parameters for pearlite and bainite,
, ¢ IJ is approximated as 0.00662. Note that the density µ is generally a function of temperature and chemical composition. In the transformation plasticity strain represented by the second equation of eq. (5), s ij represents the deviatoric stress and K IJ is a material coefficient. Especially, the parameter K IJ controls the amount of the transformation plasticity. Again, for the simplicity of computation, a constant value of 5 © 10 ¹5 for all transformations from austenite is assumed in this study. Note that this value was approximated by the calibration between measured CCT curves, dilatometer data with/without external loading and calculated values by JMatPro μ software. 13, 14) 4. Results
Experiments
Experimental results showed that the final product satisfied manufacturer's requirements on the mechanical properties when the cooling time was 20 s or longer with given process conditions described in the previous section. In other words, the strength measured from the tensile specimens taken from the final product was 1400 MPa or higher and the hardness was 425 Hv or higher. To evaluate the shape of formed part after hot stamping, distances from the reference line in Fig. 6 are compared for each cooling time. The reference line is defined as the bottom line of the V-shaped part at the center of the CTBA. After forming the bottom of the V-shaped part is positioned at the reference line, but this will be changed after cooling or springback. Therefore, if the distance from this reference line becomes larger, then the part is considered as more distorted from the designed tool geometry. The height differences for three cooling times, 10, 20 and 30 s are 4.7, 0.8, and 0.8 mm, respectively, as shown in Fig. 6 . Considering the (designed) target distance from the reference line (the perfect condition should be 0 distance for the designed tool), it could be observed that the cooling time less than 10 s show significant deformation (or distortion), while the deformation is stabilized as the cooling time increase.
Simulations
Hot stamping simulations of the tubular part for the CTBA part showed that the highest and the lowest temperatures just after forming step were 905 and 629°C, respectively and the martensitic transformation started at 325°C. Figure 7 (a) shows the temperature histories of a particular position on the part for five different cooling times. The measuring position is shown in Fig. 7(a) . When the cooling time equals 15 s or less, the temperature after quenching is over 325°C, which produces other phases rather than martensite. However, when the cooling time is 20 s or longer, over 80% of martensite could be obtained [ Fig. 7(c) ]. Figure 7 (b) compares the predicted displacement of the central V-shaped region before and after cooling with experimentally measured difference. Both experiment and simulation shows that the displacement saturates when the cooling time is longer than 20 s and their trends are similar. Of course, there are some deviations in the absolute amount between experiment and simulation. This deviation might be caused by inaccurate thermal properties such as conductivity between tools and tubular specimen, which is known to be variable with contact state and pressure. In addition to the prediction of shape change after hot stamping, the current FE simulation could well predict the hardness of the formed part (or equivalently strength). Figure 8 shows the comparison of calculated hardness with measurement for different cooling rates. Two positions are selected for the comparison: center region of the formed part and two edges 300 mm from the center. The edge hardness values are averaged. Note that the hardness was calculated from the predicted volume fraction and known empirical hardness of each phase. The equation used for this analysis is simple mixture rule as following.
where H V is microhardness, H Fig. 8 , the predicted hardness agrees well with the measurement for both trends and absolute values although the prediction by FE analysis always overestimate. This overestimation might be due to the difference in heat treatment conditions for the hot stamping process and for the preparation of the samples to measure the hardness of each phase. 
Finite Element Simulation of Hot Stamping of Tubular Beam and Its Application to Die Channel Design
4.3 Discussion on the shape deformation during hot stamping of CTBA The dimensional instability when the cooling time is short might be due to the incomplete phase transformation which plays a significant role in reducing the residual stress by the additional plastic deformation called "transformation induced plasticity". 15, 16) In Fig. 9 , the effective stresses before and after unloading for three cooling times, 10, 20, and 30 s are shown. The residual stresses for both steps are significantly decreased for the cooling times of 20 and 30 s, while much higher stresses are developed for the cooling time of 10 s. This is explained as following. The transformation plasticity which is initiated after forming and during quenching (or during martensitic transformation) relaxes the developed stress during forming. Otherwise, there should be higher stress than that of shorter cooling time because of volume expansion of hardest phase. Detailed discussion on this can be found in Lee et al. 15) Another reason of deformation might be induced by the larger elastic modulus at higher temperature at which the tools are removed. Figure 3 shows that the change of Young's modulus used in the simulation and it is well known that smaller Young's modulus increases the springback when unloaded.
Based on the simulation result and comparison with experiments, the FE analysis adopted in this paper can be a promising tool for the process optimization of hot stamping. In the ensuing section, the FE analysis will be applied to design the cooling channels for the tube of different thickness gage.
Application of FEM for Cooling Channel Design
Evaluation of cooling capacity
In this section, the cooling capacity for two different sheet thicknesses is evaluated with FE simulation. The reference sheet thickness is 2.8 mm, for which the hot stamping process has been successfully established, while the cooling design for thicker sheet with thickness of 3.2 mm should be redesigned to have appropriate cooling capacity during the hot stamping process. The thicker gage tube forming is necessary to enhance the stiffness. For both thicknesses, the cooling time was fixed as 20 s (to obtain similar overall process time), while we want to find an optimum die design.
In this study, only the V-shaped part where the most inferior cooling rate is expected is simulated. Figure 10 shows the schematic of the hot stamping simulation model which includes the upper and lower dies and cooling channels. To have reasonable cooling capacity, three design parameters for the cooling channel should be considered; i.e., the gap distance between channels (B), size of cooling channel (A), and distance between the tool surface and cooling channel (C). Intuitively, the cooling capacity will be enhanced if the number and size of cooling channels increase or the distance C decrease. However, the design of cooling channel should also take the deformation of tool into account.
Similar FE simulations were carried out considering all the hot stamping process and same material properties are used. Moreover, to check the history of temperature with cyclic stamping condition which simulates realistic hot stamping process, 10-cycle continuous hot stamping simulation was conducted. To simplify the problem, the following boundary conditions are applied: the initial temperature of tubular blank is 930°C, and the temperature of cooling channels is constant with 20°C. From the simulation, the transformed phase fraction and temperature history of tool could be obtained for further analysis. Figure 11 shows the volume fraction of martensite for both 2.8 and 3.2 mm tubes after hot stamping. For 2.8 mm thick tube, 9099% of martensitic volume fraction was transformed, while 8599% for the 3.2 mm thick tube. The maximum temperatures after hot stamping were 253 and 283°C for 2.8 and 3.2 mm thick tubes, respectively. To investigate the effect of cooling channel on the temperature of tool surface, FE simulation without considering cooling was carried out for 10 continuous cycles. For comparison, the Fig. 8 Comparison of predicted hardness with measurement for both center region and edge region apart from 300 mm from the center. Fig. 12 . Figure 12(a) shows the tool temperature histories for both thicknesses during the cycle. The maximum temperatures after 10 cycles were about 400 and 500°C for 2.8 and 3.2 mm thick tubes, respectively. Therefore, the increase of sheet thickness will significantly influence the cooling capacity of tool system if the same cooling design is used. The cooling simulation was carried out using the final temperatures (i.e., 400 and 500°C for 2.8 and 3.2 mm thick tubes) as initial tool temperatures. The temperature of cooling channel was assumed to be 20°C. Figure 12 (b) shows the temperature changes during 1000 s at the same position. For both tube thicknesses, the tool temperatures were decreased towards 5060°C, but the difference in cooling capability is more pronounced before 300 s. From this analysis, the design of channel for 3.2 mm thick tube will be necessary to maintain similar cooling capacity as that of 2.8 mm thick tube.
5.2 Optimization of cooling channels for thicker gage tublar CTBA by orthogonal array Parametric study was done to obtain similar cooling capacity of 3.2 mm thick tube compared with 2.8 mm thick tube which has been well established in real production. Note that the cooling time is the same with that of thin tube to maintain similar manufacturing time. Among many parameters, we only take the channel diameter (A), distance between neighboring channels (B) and distance between channels and tool surface (C). In addition, the stress distribution around cooling channel is carefully investigated because too severe stress concentration might cause the damage of tool, especially around the holes. Table 4 lists the three main process parameters and their levels. Using these parameters, the design of experiment by orthogonal array was carried out among various optimization methods 17) to investigate the effect of various cooling channel designs on the cooling efficiency. Table 5 shows the L 9 (3 4 ) orthogonal array table. Figure 13 shows the temperature changes of tools with cooling time for the 9 conditions. Case 7 and 9 show similar cooling capacity when compared with that for thin tubular CTBA.
For the two candidates of cooling channel design, Case 7 and 9, additional stress analysis is carried out to check the stress concentration around holes. The results are compared with that of 2.8 mm thick tubular CTBA (reference case). Figure 14 shows that the maximum effective stress of the reference case is 1410 MPa, while those for the Case 7 and Case 9 are 1070 and 1440, respectively. Therefore, both cases for the cooling channel design to have equivalent cooling capacity with reference case might be acceptable for the new CTBA with 3.2 mm thickness tube. The example shown in this paper is just one particular example, and the same procedure can be applied to other parts.
Conclusion
In this study, the deformation behavior of the tubular specimen for the CTBA part during the hot stamping process was studied in both experimental and numerical aspects. The finite element simulations which consider the phase transformation were performed to predict the deformation change after hot stamping. Based on the experiments and simulations, the following conclusions are drawn. (1) Satisfactory strength and hardness were obtained with the cooling time 20 s or less. (2) FE simulation could well predict the hardness of hot press formed part with different cooling rates. (3) For the cooling time of 15 s or less, the height difference between center and edge was more pronounced, while the deformed height saturated when the cooling time is longer than 20 s. The trends of the height difference between the two points are similar between simulation and measurement. (4) The severe shape change during the hot stamping for the cooling time less than 15 s might be induced by the incomplete transformation which reduces the residual stress. In addition, lower Young's modulus at the temperature around 400°C increases the springback, too. Based on the developed finite element procedure, the optimization for the new cooling channel design was proposed by the orthogonal array method.
(5) The optimized cooling channel designs among 9 candidates could be determined for thicker 3.2 mm tubular CTBA, which has similar cooling capacity and stress concentration around the holes with already manufactured 2.8 mm thickness CTBA as a reference. 
